Two-pulse correlation is employed to investigate the temporal dynamics of both twophoton photoluminescence (2PPL) and four-photon photoluminescence (4PPL) in resonant and nonresonant nanoantennas excited at a wavelength of 800 nm. Our data are consistent with the same two-step model being the cause of both 4PPL and 2PPL, implying that the first excitation step in 4PPL is a three-photon sp → sp direct interband transition. Considering energy and
parity conservation, we also explain why 4PPL behavior is favored over three-and five-photon photoluminescence in the power range below the damage threshold of our antennas. Since sizeable 4PPL requires larger peak intensities of the local field, we are able to select either 2PPL or 4PPL in the same gold nanoantennas by choosing a suitable laser pulse duration. We thus provide a first consistent model for the understanding of multiphoton photoluminescence generation in gold nanoantennas, opening new perspectives for applications ranging from the characterization of plasmonic resonances to biomedical imaging.
Noble-metal nanoparticles and nanoantennas are attracting an ever increasing attention since the resonant behavior of the electron plasma oscillations in response to the external optical field enables numerous spectroscopic and sensing applications. 1 The large near-field peak intensity enhancement that accompanies such resonances can give rise to a whole range of nonlinear optical effects. In this context, two-photon photoluminescence (2PPL) imaging has become one of the preferred tools to study modal patterns of plasmonic resonances, especially in gold. [2] [3] [4] [5] [6] Twophoton absorption has also established gold nanoparticles among the most promising theragnostic biomarkers, since they provide at the same time the possibility for deep tissue imaging as well as for local heating in photothermal therapies. [7] [8] [9] At variance with coherent 2PPL in molecules, which usually proceeds through a virtual intermediate state, it has been proposed 10 and experimentally demonstrated 11 that 2PPL in gold is the result of two sequential single-photon absorption steps mediated by a real state. In detail, the first photon excites an electron via an intraband transition within the sp conduction band, while the second photon excites an electron from the d band to recombine with an sp hole in the conduction band. The dynamics of the TPPL signal, originated by the radiative recombination of d holes, is ruled by the relaxation time of the transient distribution excited in the sp conduction band after the first absorption event. Due to the increased density of states, interband radiative recombination in 2PPL occurs close to the L and X points in the reciprocal space, leading to two emission bands located in the green and red spectral regions, respectively. 10 Higher-order absorption processes with characteristic power dependencies have also been reported in the literature. Three-photon absorp-tion has been observed from single gold nanoparticles, 12 while four-photon photoluminescence (4PPL) has been reported for resonant gold dipole antennas. 3 Interestingly, in the case of 4PPL, an increased spectral weight of the green (L point) emission band was observed, compared to standard 2PPL. 3 While the mechanism behind 2PPL is well understood, there is no consistent model for the observed higher-order nonlinearities and the appearance of either order in experiments seems to be elusively random.
Here we study the photoluminescence (PL) dynamics of both a rough gold film as well as high-quality resonant single-crystalline nanoantennas. 13 While the rough gold film only shows 2PPL, for the nanoantennas we observe both 2PPL and 4PPL depending on the pulse length. In order to characterize the non-equilibrium dynamics of both 2PPL and 4PPL, we perform twopulse correlation measurements using 100 fs pulses centered at 800 nm, in which PL is recorded as a function of the time delay between two pulse replicas. 14, 15 For both 2PPL and 4PPL, two-pulse correlation shows a single-exponential incoherent tail that directly probes the 1 ps relaxation time of the nonequilibrium electron distribution, which therefore represents the intermediate excited configuration for both cases. Based on this observation, we suggest that in the case of 4PPL the intermediate nonequilibrium electron distribution is created by a coherent three-photon transition mediated by virtual states, as implied by energy and parity conservation and supported by the experimental features of the 4PPL spectra. The observation of orders other than 2 and 4 can be excluded in the framework of this model for the 800 nm excitation wavelength. We provide further evidence for the validity of this picture by demonstrating control over the occurrence of 4PPL vs 2PPL from the same resonant nanostructure by changing the pulse duration for a given average power. In addition, we also find that the relaxation time of the hot electron distribution is shortened in the particular case of resonant optical antennas as compared to off-resonance antennas. Possible explanations for this intriguing behavior are discussed.
The experimental setup is based on a commercial confocal microscope (Alpha-SNOM, WITec GmbH, Germany) coupled to a mode-locked Ti:sapphire oscillator producing 40 fs pulses at 100 MHz repetition rate and 800 nm wavelength. Collinear pulse pairs with computer-controlled delay ∆ [see sketch in 1(a)] are generated by a balanced Michelson interferometer. The output of the interferometer is coupled into a short piece of single-mode fiber, whose far end serves as a point-like source for the confocal microscope. Light is focused onto the sample by an oil-immersion objective with 1.4 numerical aperture. Precompensation of dispersion introduced by the optics in the beam path is achieved by a double pass in a pair of SF10 Brewster-cut prisms. After optimization of the precompensation stage, a pulse duration δ < 100 fs is obtained after the objective, as measured with second-harmonic generation (SHG) correlation from a thin β -barium borate (BBO) crystal. Gold PL is collected using the same objective and sent to a photon counter through a multimode fiber whose 75 µm core also acts as a collection pinhole for background rejection. Suitable spectral filters (transmission window 450-750 nm) are inserted along the collection path in order to selectively detect the gold PL while completely rejecting both the fundamental excitation wavelength and possible second-harmonic signals.
In order to record a two-pulse PL correlation curve, the area of interest is first imaged by means of scanning confocal optical microscopy, then a selected structure is positioned in the focus and the PL signal is recorded as a function of the pulse delay ∆. The typical power needed to obtain a sizable signal without damaging the sample was of the order of 100 µW per arm in the interferometer. Count rates are normalized to those obtained with two well-separated laser pulses (time delay ∆ ∼ 4 ps). We generally observe that the 2PPL or 4PPL signals of continuously illuminated single-or multi-crystalline gold structures show intensity fluctuations, which are the main source of noise in the experiments.
We first investigate a reference sample for 2PPL, i.e., a rough polycrystalline gold film (∼ 50 nm thickness) fabricated by thermal evaporation. 2 the 2PPL yield was measured as a function of the pulse duration and the same limiting dynamics was observed. 11 In order to understand this result, let us recall that gold 2PPL in the recorded spectral range is mostly generated by the recombination of holes in the 5d band created via a twostep process involving two sequential one-photon absorption transitions. 10, 11 This excited hole distribution can relax radiatively and directly contribute to 2PPL, albeit with a small quantum yield. It can also recombine nonradiatively within the sp band by generating localized plasmon oscillations that subsequently radiate, increasing the luminescence quantum yield. 16, 17 The two sequential one-photon absorption events are governed by the following rate equa-
where N is the sample density expressed as atoms per unit volume, The 2PPL intensity I 2PPL (∆) can be obtained from Eq. 1 by calculating the temporal average value N d , to which the time-integrated photoluminescence signal is proportional. 11 To do this, we consider a function F(t) consisting of two identical light pulses of duration δ separated by a time delay ∆. As already proposed in Ref. 11, the dynamics of the process is governed by τ sp , which is typically on the order of 1 ps in gold. 11, 18, 19 Since the duration δ of the pulse impinging on the sample is below 100 fs, i.e. much shorter than τ sp , we obtain for the 2PPL intensity the following simple expression for delays ∆ ≫ δ :
where I 0 is the time-averaged excitation intensity at the sample. Eq. 2 correctly reproduces the experimentally found exponential dependence of the 2PPL count rate on the time delay ∆. The validity of Eq. 2 is independent of details of the laser pulses such as bandwidth and chirp, as long as δ ≪ τ sp and δ ≪ ∆. By fitting the experimental traces using Eq. 2 [red line in 1(b)] we find τ sp ∼ 910 fs, in good agreement with the typical relaxation times observed for electrons and holes close to the Fermi level in gold films and nanostructures due to electron-phonon interactions. 11, 18, 19 We shall now discuss 4PPL correlation data obtained from gold nanoantennas. Antennas are prepared by focused ion-beam milling starting from single-crystalline gold flakes on an ITO-coated glass substrate. 13 This observation unravels a universal behavior of the dynamics of the 4PPL processes. In particular, it suggests that, irrespectively of the process order (two-or four-photon), the limiting intermediate step in the overall multi-photon cascade is always constituted by the same non-equilibrium Fermi distribution of sp holes, which relaxes with a ∼ 1 ps time constant, as already found for standard 2PPL in gold. 11 The 4PPL correlation and power curves can be reproduced by the following model. We assume that the d holes, whose radiative recombination produces the PL in a n-order process, are generated by a cascade of n sequential absorption processes, each described by the following rate equation: 
Here, each of the n steps can in principle be related to a number of events, including interband transitions, 21 intraband transitions, 2 or generation/annihiliation of plasmons. 16 In particular, nonlinear excitation of a sp hole can account for the additional steps leading from 2PPL to 4PPL. Such processes are well-known and currently employed in multi-photon photoemission experiments 20 and as a probe in photoemission electron microscopy to investigate local field enhancements in noble-metal nanostructures. 22, 23 . The dynamics of the other absorption steps leading to n > 2 in 4PPL is confined within the first 100 fs that are not accessed in our investigation. Based on this interpretation, it is therefore expected that the yield of 4PPL strongly depends on the excitation pulse duration, as opposed to standard 2PPL. 11 In order to verify this prediction, we repeat the measurement of the absorption order in the investigated antennas by sending fs pulses through a longer piece of optical fiber, leading to a pulse duration δ > 700 fs. Remarkably, we observe a transition from 4PPL to 2PPL
for the same antennas (see 3).
In the following we propose a consistent picture to describe the absorption steps leading to 4PPL, which also explains why 4PPL excited with 800 nm wavelength dominates over alternative multi-photon processes. As a starting point, let us consider the first absorption step, which in the case of 2PPL is an intraband indirect transition within the sp band. We further assume that in the case of 4PPL this sp → sp transition involves absorption of more than one photon. In this case, it is reasonable to assume that this multi-photon transition will be vertical in the reciprocal space, since a cascade of indirect absorption events would be exceedingly unlikely. By close states with the same (opposite) parity when the number of photons involved in the process is even (odd). Therefore, parity conservation suggests that three-photon sp → sp transitions are likely to be privileged with respect to two-or four-photon transitions. 25 Moreover, two-photon transitions occur at the very onset of the JDOS (along the L-W direction) and are therefore further hindered. Also, by inspection of the Au bands at L, one can immediately see that the energy differences corresponding to three-or four-photon sp → sp transitions are higher than the energy of the Van Hove singularity at L, which corresponds to a local maximum in the JDOS. Therefore, the JDOS has to be lower for four-photon compared to three-photon transitions, adding further consistency to the hypothesis that four-photon transitions should be much less effective than three- (ii) a second intriguing possibility is that the intermediate excited sp-band electron distribution, required for 4PPL, efficiently decays into the resonant antenna plasmon modes. 16 This would represent a further loss channel directly contributing to a decrease in τ sp . In order to gain a qualitative insight into this possibility, we have run FDTD simulations to calculate the enhancement in the total decay rate from an emitting dipole in the 800-1000 nm range (simulating intraband recombination) 2 coupled to the antenna feedgap. We find that for the resonant antenna the enhancement in the decay rate (i.e. the antenna Purcell factor) is a factor of ∼ 10 larger than for the two nonresonant antennas therefore providing a possible explanation for the differences in τ sp between resonant and off-resonance antennas.
In conclusion, we have analyzed the multi-photon photoluminescence dynamics in gap nanoantennas by performing two-pulse correlation experiments. By exploiting the large near-field intensity enhancement afforded by the antennas we have observed 4PPL, for which the temporal dynamics is dominated by the same ∼ 1 ps relaxation time as in the case of 2PPL. The two processes hold therefore strong similarities, since their dynamics is always limited by carrier relaxation in the sp band, and correspondingly they proceed via the same intermediate configuration.
Further absorption steps that increase the process order from n = 2 to n = 4 all happen within the first 100 fs, i.e.
at time scales shorter than the investigated time window, and as such they are more sensitive to the actual pulse duration in the sub ps regime. Indeed, we also demonstrate that, for the same nanoantennas, 2PPL is obtained instead of 4PPL when the pulse duration is increased from δ < 100 fs to δ ∼ 700 fs for the same average power. Therefore the 4PPL yield in gold, as opposed to the yield of 2PPL, 11 is strongly dependent on the pulse duration used for excitation, providing a handle for switching between 2PPL and 4PPL. High-quality single-crystalline nanoantennas were needed for the investigation since they reliably provide the local field enhancement in order to boost such nonlinear processes. 13 Based on on our observations, we provide a first consistent framework for the explanation of 4PPL, where a three-photon direct transition between different sp bands is followed by a one-photon transition between the d and sp bands. Interestingly, a shortened relaxation time has been found for the resonant nanoantenna, which is attributed either to thermal effects or to the resonant decay of the intermediate excited distribution into the plasmon antenna mode.
